The Stark splitting of a single fourfold degenerate impurity located within the built-in potential of a metal-semiconductor contact is investigated using low temperature transport measurements. A model is developed and used to analyze transport as a function of temperature, bias voltage, and magnetic field. Our data is consistent with a boron impurity. We report g factors of g 1=2 1:14 and g 3=2 1:72 and a linear Stark splitting 2 of 0.1 meV. DOI: 10.1103/PhysRevLett.98.096805 PACS numbers: 73.20.Hb, 71.55.Cn, 73.30.+y, 73.40.Gk The investigation of single dopant atoms, or atomicscale electronics, seeks to manipulate the charge and/or spin at the individual impurity level. Fundamentally, there is a deep analogy between natural atoms, typically studied in large ensembles using light and a single impurity confined in a semiconductor, measured by current transport [1] . The Stark effect has been explored in large ensembles of atoms [2, 3] , but an investigation of an individual confined impurity is lacking. Recent quantum computing proposals [4,5] make such explorations particularly relevant, especially those of single dopants in silicon situated in a complex environment [6, 7] . Here we rely on traditional electron transport measurements of randomly placed shallow acceptors [8] [9] [10] [11] and a novel geometry to explore the Stark splitting of an individual impurity.
The investigation of single dopant atoms, or atomicscale electronics, seeks to manipulate the charge and/or spin at the individual impurity level. Fundamentally, there is a deep analogy between natural atoms, typically studied in large ensembles using light and a single impurity confined in a semiconductor, measured by current transport [1] . The Stark effect has been explored in large ensembles of atoms [2, 3] , but an investigation of an individual confined impurity is lacking. Recent quantum computing proposals [4, 5] make such explorations particularly relevant, especially those of single dopants in silicon situated in a complex environment [6, 7] . Here we rely on traditional electron transport measurements of randomly placed shallow acceptors [8] [9] [10] [11] and a novel geometry to explore the Stark splitting of an individual impurity.
In transport measurements involving a gate, changing V g energetically moves a localized impurity level with respect to the contacts, and subsequent tunneling typically exhibits a Lorentzian spectral shape as it passes through the Fermi level. Here the gate is used to probe the energy position and conductance spectrum of the impurity and thus cannot be used to tune the Stark effect. The required low temperatures and equilibrium source-drain voltage necessary for observing single impurities are in apparent conflict with the high electric field one might apply perpendicular to the gate to probe such a perturbation. We resolve this by investigating a resonant impurity embedded in the builtin potential of a Schottky barrier and thus subject to a large electric field even at equilibrium.
The impurity is located near the metallic electrode of a Schottky barrier metal-oxide-semiconductor field-effect transistor (SBMOSFET) [12 -16] , in which the source and drain are made from the metallic silicide PtSi [as depicted in Fig. 1(a) ]. At low temperatures and small bias voltages current transport is governed by direct tunneling through the Schottky barriers formed at the metalsemiconductor interface, whose resistance is much larger than that of the channel [14] . An acceptor impurity located near this interface modifies the potential V at the contact, enhances tunneling via its resonant level and is easily observable in low temperature transport measurements. We use a 1D model for Vx [15, 16] that takes into account the perpendicular (z) electric field from the gate with the effective carrier concentration at the MOS surface, n s . The total 1D potential Vx [ Fig. 1(b) ] includes a hydrogenic impurity and a standard metal-semiconductor depletion potential: Table I .
where w 2" s qn s ib q is the depletion width, a is the distance from the impurity to the metal, ib is the SB height, and V t is the threshold voltage. The last two terms in this equation are the image charge due to an electron tunneling through the potential and the charged acceptor. The SB height ( ib 0:225 eV) was determined from a fit to the thermionic emission equation in the 180 -250 K range. The electric field E SB
, where r B is the Bohr radius.
Acceptors in silicon have a fourfold degenerate ground state and belong to the ÿ 8 representation. Here, the potential at the metal-semiconductor interface adds a large electric field across the impurity, potentially lifting the zero field fourfold degeneracy. We consider the linear Stark effect, which results in a splitting 2 for a field E applied parallel to the h100i direction [7, 17] :
where p 8 is the linear dipole moment of a ÿ 8 level. In a magnetic field the impurity is mainly affected by the Zeeman effect, [17, 18] with
where m j 3=2, 1=2, ÿ1=2, and ÿ3=2, for a magnetic field applied parallel to the h100i direction. In addition to quadratic effects, the model neglects strain that may result from the PtSi source and drain. The conductance of a resonant impurity is given by the Landauer formalism GE 2e 2 h TE. Here the transmission coefficient TE jt t ÿ j 2 , where
are the probability amplitudes of the positive and negative Stark split levels,
R is the total leak rate of each Stark split peak, and E E ÿ E res is the difference between the Fermi level and the zero field resonant level. When 2 > ÿ x the conductance consists of two Lorentzian peaks located at E E res . At large enough temperatures ( ÿ ÿ ÿ 2 2 < 3:53k B T), the Stark split peaks experience a broadening due to the temperature dependence of the Fermi function [9, 11, 19] .
The devices consist of an n-type polysilicon gate, a boron doped substrate (5 10 21 m ÿ3 ), a 3.4 nm gate oxide, and 30 nm metal silicide PtSi regions as the source and drain [13] . Devices sizes were sufficiently small that individual impurities are easily identifiable and well separated. Because of the band bending at the SB the energetic position of impurities situated near the metal varies and resonances can be observed over a large range of gate bias.
Measurements were performed in a dilution refrigerator. Differential conductance dI=dV ds was measured using a standard lock-in technique with V ds applied in the h100i direction. Characteristics were investigated as a function of temperature, bias voltage, and magnetic field. The magnetic field was applied perpendicular to the twodimensional hole gas (2DHG) in the h001i direction. Figure 2 (a) shows the dI=dV ds versus V g at different bias voltages. At V ds 0 V, a splitting is clearly visible as the resonance exhibits a double peak with 2 V gres ÿ V ÿ gres 0:6 mV 0:1 meV. The parameters from the zero bias Landauer fit are shown in Table I and indicate very asymmetric barriers. The fit is not unique since ÿ L x and ÿ R x are symmetric in TE; however, to observe the transport of a single impurity over that of the direct tunneling current (along the 20 m device width), the impurity must be close to the metal. One striking characteristic at equilibrium is the peak height difference between the Stark split peaks. To understand this, we performed detailed simulations of the leak rates for a wide range of values of a and n s using a WKB approximation (Ref. [20] ):
where ! 0 is the attempt frequency and Vx is given by Eq. (1). We find that the peak height difference cannot be explained by the difference in energy levels of the Stark split peaks. Instead, it is attributed to the anisotropy of the silicon bands near the impurity. In a traditional SB with image force, tunneling occurs within the semiconductor in the same energy band and thus m is the semiconductor effective mass in the direction of emission [21] . Here each level may be associated with a different effective mass. In addition m may be modified by quantization effects in the semiconductor channel.
Because of this anisotropy, one cannot determine a, n s , and thus p 8 precisely. However, the 2 order magnitude difference in ÿ L and ÿ R is much more important than the factor of 2 difference in ÿ R and ÿ R ÿ . We use the ratio of the right to left leak rates (0:01) and the WKB simulations to find a range of n s , corresponding to a unique a and p 8 . To determine a lower bound, we use the 2D Silvaco simulator ATLAS TM to find n s at approximately 30 nm below the gate oxide, the approximate physical thickness of the source and drain. These results are summarized in Fig. 2(b) where p 8 ranges from 0.16-0.87 D.
Shallow boron acceptors are the most probable origin of the resonant states because the number of impurities in a device scales with its physical dimensions. The range of the linear dipole moment is reasonable compared with a previous experiment of an ensemble of boron impurities where p 8 0:26 0:06 D (Ref. [3] ) and with theoretical effective mass approximation calculations of p 8 for B in Si that range from 0.9 D using a Coulomb potential to 6 D using a potential [3] . We note that variations in p 8 may arise from strain and local potential fluctuations surrounding the impurity.
The nonequilibrium V ds behavior is shown in Figs. 2(a) and 2(c). When V ds is large enough that both Stark split peaks are in the transport window [ Fig. 2(a) ], both levels are active for conduction simultaneously; but each level cannot be simultaneously occupied because of the large Coulomb repulsion. Holes tunneling from the semiconductor (V ds 0) will tunnel through ÿ R with greater probability and the positive Stark split peak dominates. Holes tunneling from the metal (V ds 0), are equally likely to tunnel onto the positive or negative Stark split peak; however, because they must wait a longer time to exit the dot via ÿ R ÿ , holes in this level limit the transport and thus dominate the current. In accordance with this interpretation, the peak height of the positive Stark split peak for V ds 0 is larger than its negative Stark split peak counterpart at positive bias.
As shown in Fig. 2(c) , a similar effect is observed at larger bias. For a single resonance, one observes two peaks as the left and right electrochemical potential align with the resonant level, giving rise to a characteristic ''X'' in a plot of the dG=dV g versus V g as V ds is varied. Here, a double X is expected, corresponding to the two Stark split levels. As above, however, one of the levels limits the current and thus dominates the conductance characteristics. For clarity, we plot in Fig. 2(d) the peak position of each resonance versus V ds and the corresponding linear fits that show the outline of the double X.
To show unambiguously that the two resonant levels are associated with a single impurity (and are not, for instance, due to two spatially separated impurities each with a single resonant level), the magnetic field dependence is investigated. This data is best illustrated at V ds 3 mV [ Fig. 3(a) ], where at 0 T the ÿ level exhibits a sharp peak when V ÿ gres V ds Þ 0 > V gres V ds 0. This resonance has a large displacement towards higher energies until 1 T when it begins to decrease more gradually. We TABLE I. Parameters used to obtain the linear dipole moment [ Fig. 2(b) ]. V 0 gres and are obtained directly from the data and the leak rates from the fit to the Landauer equation. [22] , [g 3=2 100 g 0 1 9r, g 1=2 100 g 0 1 r], in which r is the deviation from spherical symmetry, and find g 0 1:07 and r 0:068. Our results are consistent with previous experiments for boron impurities where g 0 0:99, r 0:013. The difference in the r term is perhaps caused by the proximity of the impurity to the metallic interface.
We have demonstrated the Stark effect in the electron transport of a single impurity located near a metalsemiconductor interface in silicon. Our results are consis- 
